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Filovirus  Pathogenesis  in 
Nonhuman  Primates 

Thomas  W.  Geisbert,  Peter  B.  Jahrling, 

Tom  Larsen,  Kelly  J.  Davis, 
and  Lisa  E.  Hensley 

Abstract  20040401  060 

Infections  with  Ebola  and  Marburg  viruses  cause  severe  and  fatal 
hemorrhagic  disease  in  humans  and  nonhuman  primates.  While 
progress  to  define  the  mechanisms  of  filoviral  pathogenesis  has  been 
made  in  the  last  decade,  cultural  mores,  and  a  range  of  logistical 
problems,  have  hindered  the  systematic  pathogenetic  analysis  of  human 
filoviral  infections.  Nonhuman  primate  models  of  filoviral  hemorrhagic 
fever  (HF)  have  been  developed,  but  with  few  exceptions,  previous 
investigations  examined  animals  naturally  infected  or  killed  when 
moribund,  and  shed  little  light  on  the  pathogenesis  of  infection  during 
the  period  before  death.  More  recently,  longitudinal  analysis  of 
pathogenetic  events  in  nonhuman  primate  models  of  Ebola  virus 
(EBOV)  HF  have  revealed  new  and  important  findings.  Specifically, 
tissue  factor  plays  an  important  role  in  triggering  the  hemorrhagic 
complications  that  characterize  EBOV  infections,  and  dysregulation 
of  protein  C  exacerbates  disease.  Moreover,  replication  of  EBOV  in 
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endothelial  cells  was  not  consistently  observed  until  the  latter  stages 
of  disease,  well  after  the  onset  of  disseminated  intravascular 
coagulation,  suggesting  that  the  characteristic  coagulation 
abnormalities  are  not  the  direct  result  of  filoviral-induced  cytolysis  of 
endothelial  cells.  Bystander  lymphocyte  apoptosis,  previously 
described  in  end-stage  tissues,  occurred  early  in  the  disease  course  in 
intravascular  as  well  as  extravascular  locations.  Of  note,  apoptosis 
and  loss  of  NK  cells  was  a  prominent  finding  suggesting  the  importance 
of  innate  immunity  in  determining  the  fate  of  the  host.  Accordingly, 
nonhuman  primate  models  have  been  invaluable  in  identifying  several 
new  targets  for  chemotherapeutic  interventions  that  may  ameliorate 
the  effects  of  filoviral  HF. 


1.  Introduction 

Among  viruses  causing  hemorrhagic  fever  (HF),  and  among  emerging 
infectious  diseases  with  global  impact  in  general,  Ebola  virus  (EBOV) 
and  Marburg  virus  (MBGV)  stand  out  for  their  impressive  lethality. 
Along  with  MBGV,  the  four  species  of  EBOV  (Zaire,  Sudan,  Reston, 
Ivory  Coast)  make  up  the  negative-stranded,  enveloped  RNA  virus 
family  Filoviridae.  Acute  mortality  caused  by  the  Zaire  species  of 
EBOV  is  approximately  80%  in  human  outbreaks  (Bowen  etal,  1977; 
Johnson  et  al,  1977;  Khan  et  al,  1999)  and  greater  than  90%  in  monkey 
models  of  the  genus  Macaca  (Bowen  et  aL,  1978;  Fisher-Hoch  et  al., 
1992;  Jaax  et  al.,  1996;  Geisbert  et  al.,  2002).  There  is  currently  no 
vaccine  or  therapy  for  EBOV  or  MBGV  HF  approved  for  human  use. 
Progress  in  understanding  the  origins  of  the  pathophysiological  changes 
that  make  filoviral  infections  of  humans  so  devastating  have  been  slow; 
a  primary  reason  is  the  status  of  filoviruses  as  biosafety  level  4 
pathogens  necessitating  study  in  high-containment  settings. 

The  use  of  animal  models  has  been  invaluable  for  studying  the 
pathogenesis  of  numerous  infectious  diseases  as  well  as  for  testing 
the  efficacy  of  experimental  prophylactic  and  therapeutic  vaccine  and/ 
or  drug  regimens.  Animal  models  that  adequately  reproduce  human 
filoviral  HF  are  needed  to  gain  further  insight  into  the  pathogenesis  of 
these  diseases  and  to  test  the  efficacy  of  promising  interventions. 
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Guinea  pigs,  mice,  and  hamsters  have  been  employed  to  study  filoviral 
HF  (Bechtelsheimer  et  al.,  1971;  Zlotnik,  1971;  Ryabchikova  et  ai, 
1996;  Bray  et  al,  1998;  Connolly  et  al,  1999).  While  rodents  clearly 
have  utility  as  models  of  filoviral  disease,  we  recently  showed  that 
rodent  models  of  EBOV  HF  are  not  ideal  for  studying  human  EBOV 
HF  (Geisbert  et  ai,  2002);  others  have  suggested  that  guinea  pigs  are 
inadequate  for  analyzing  the  pathogenesis  of  human  EBOV  HF 
(Ryabchikova  et  ai,  1996).  More  specifically,  neither  mice  nor  guinea 
pigs  exhibit  the  hemorrhagic  manifestations  that  characterize  primate 
EBOV  infections.  Also,  bystander  lymphocyte  apoptosis,  which  is 
associated  with  human  and  nonhuman  primate  EBOV  infections 
(Geisbert  et  aL,  2000),  was  not  a  prominent  feature  of  EBOV  infection 
in  mice  or  guinea  pigs  (Bray  et  aL,  1998;  Connolly  et  aL,  1999).  As 
expected,  clinical  disease  and  related  pathology  in  nonhuman  primates 
infected  with  EBOV  appear  to  more  closely  resemble  features 
described  in  human  EBOV  HF. 

The  pathophysiology  of  human  filoviral  HF  is  largely  unknown 
because  of  the  limited  number  of  cases  being  managed  in  a  medical 
setting  equipped  for  both  safe  and  exhaustive  clinical  laboratory 
evaluations.  Moreover,  there  has  been  a  paucity  of  information 
regarding  the  pathology  and  pathogenesis  of  filoviral  infection  in 
humans.  Despite  over  1,500  known  fatal  cases  of  filoviral  infection, 
only  a  very  limited  number  of  tissues  from  five  cases  of  MBGV  in 
1967,  one  case  of  MBGV  in  1975,  two  cases  of  EBOV-Sudan  in  1976, 
three  cases  of  EBOV-Zaire  in  1976,  single  cases  of  MBGV  in  1980 
and  1987,  and  18  of  cases  of  EBOV-Zaire  in  1996  have  been  examined 
(Gedigk  etaL,  1968;  Slenczka^/(2/.,  1968;  Geared  a/.,  1975;  Dietrich 
et  aL,  1978;  Ellis  et  aL,  1978;  Murphy,  1978;  Smith  et  aL,  1982; 
Geisbert  and  Jaax,  1998;  Zaki  and  Goldsmith,  1999).  Recent  studies 
of  EBOV-Zaire  outbreaks  in  Kikwit  and  Gabon  have  provided  valuable 
information  on  the  inflammatory  responses  during  filoviral  infections 
(Baize  etaL,  1999;  Villinger  etaL,  1999;  Baize  etaL,  2002)  and  many 
of  the  reported  findings  are  consistent  with  those  of  experimentally 
infected  nonhuman  primates  (Hensley  et  aL,  2002). 

While  disseminated  intravascular  coagulation  (DIG)  is  often  viewed 
to  be  a  prominent  manifestation  of  EBOV  infection  in  primates,  the 
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presence  of  DIG  in  human  filoviral  infections  has  been  a  controversial 
topic;  cultural  mores  and  logistical  problems  have  hampered  systematic 
studies.  No  single  laboratory  test  is  sufficient  to  permit  a  definitive 
diagnosis  of  DIG.  In  most  instances,  a  diagnosis  of  DIG  can  be  made 
by  taking  into  consideration  the  underlying  disease  in  conjunction  with 
a  combination  of  laboratory  findings  (Levi  et  al,  1999;  Mammen, 
2000;  Levi,  2001).  In  human  filoviral  cases,  fibrin  deposition  has  been 
documented  at  autopsy  (Gedigk  etal,  1968;  Murphy,  1978;  Geisbert 
and  Jaax,  1998);  furthermore,  clinical  laboratory  data  suggest  that  DIG 
is  likely  to  be  a  prominent  feature  of  human  disease  (Egbring  et  al, 
1971;  Gear  et  al,  1975;  Isaacson  et  al,  1978;  WHO,  1978a, b).  The 
coagulation  picture  is  clearer  for  nonhuman  primates.  Numerous 
studies  showed  histologic  and  biochemical  evidence  of  DIG  syndrome 
in  EBOV  infection  in  a  variety  of  nonhuman  primate  species  (Bowen 
etal,  1978;  Fisher-Hoch  etal,  1985;  Fisher-Hoch  etal,  1992;  Geisbert 
et  al,  1992;  Jaax  et  al,  1996;  Ryabchikova  et  al,  1999a;  Bray  et  al, 
2001;  Geisbert  et  al,  2002). 

Gonsumptive  coagulopathy  was  described  in  several  studies  of  EBOV- 
Zaire-infected  nonhuman  primates  (Fisher-Hoch  etal,  1983;  Fisher- 
Hoch  et  al,  1985;  Bray  et  al,  2001),  and  is  postulated  to  be  a  result  of 
extensive  virus-induced  tissue  injury,  and  the  dysfunction  or  damage 
of  platelets  and  endothelial  cells.  As  noted  in  these  and  other  studies, 
the  increase  in  the  activated  partial  thromboplastin  time  was  more 
marked  than  that  of  the  prothrombin  time,  consistent  with  a  greater 
disturbance  of  the  intrinsic  than  the  extrinsic  pathway  (Fisher-Hoch 
et  al,  1983;  Bray  et  al,  2001).  Traditionally,  blood  coagulation 
pathways  are  divided  into  extrinsic  and  intrinsic  pathways,  converging 
at  the  point  where  factor  X  is  activated.  The  intrinsic  pathway  is 
initiated  by  activation  of  factor  XII,  while  the  extrinsic  pathway  is 
activated  by  tissue  factor,  a  cellular  lipoprotein  exposed  at  sites  of 
tissue  injury  (Semeraro  and  Golucci,  1997).  Such  a  division,  however, 
is  only  an  artifact  of  in  vitro  testing;  there  are,  in  fact  interconnections 
between  the  two  pathways.  For  example,  a  tissue  factor-factor  Vila 
complex  also  activates  factor  IX  in  the  intrinsic  pathway.  Despite 
progress  made  during  the  last  decade  to  identify  key  modulators  of 
EBOV  pathogenesis,  there  is  no  universal  concept  on  the  triggering 
mechanism  of  the  hemorrhagic  diathesis  of  EBOV  infection. 
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2.  Marburg  Virus  infection 

The  first  documented  outbreak  of  hemorrhagic  fever  virus  caused  by 
a  filovirus  was  associated  with  wild-caught  African  green  monkeys 
(Chlorocebus  aethiops,  formerly  Cercopithecus  aethiops)  that  were 
imported  from  Uganda  to  Marburg  and  Frankfurt,  Germany,  and  to 
Belgrade,  Yugoslavia  in  1967  (Hennessen  et  al.,  1968;  Martini  et  ai, 
1968;  Martini  et  ai,  1971;  Stojkovic  et  ai,  1971).  During  the  course 
of  the  zoonotic  outbreak,  3 1  animal  staff  and  laboratory  workers  in 
direct  contact  with  the  blood  or  tissue  from  the  recently  imported 
monkeys  became  infected  with  the  newly  identified  MBGV,  and  seven 
died.  An  unusually  high  mortality  rate  (21  to  46%)  was  observed  in 
Belgrade  among  three  groups  of  imported  monkeys  during  the 
quarantine  period  (Stojkovic  et  ai,  1971),  but  infection  rates  among 
the  cohort  of  500  to  600  monkeys  imported  from  Uganda  to  a  variety 
of  locations  during  this  time  remain  unknown. 

Experimental  infection  of  African  green  monkeys,  rhesus  monkeys 
{Macaco  mulatto),  and  squirrel  monkeys  (Saimiri  sciureus),  with 
isolates  from  the  1967  MBGV  outbreak,  produced  a  disease  identical 
to  that  seen  in  the  naturally  infected  monkeys  and  similar  to  the  disease 
seen  in  human  cases  (Simpson  etaL,  1968;  Simpson,  1969;  Haas  and 
Maas,  1971;  Oehlert,  1971;  Murphy  et  al.,  1971;  Lub  et  al,  1995). 
After  an  incubation  period  that  ranged  from  2  to  6  days,  animals 
developed  a  febrile  illness,  became  anorexic,  and  some  showed 
hemorrhagic  manifestations.  Rapid  deterioration  was  followed  by 
hypothermia,  shock,  and  death,  which  occurred  6  to  13  days  after 
infection;  mortality  was  100%  in  experimental  animals.  Petechial  skin 
rashes  on  the  axillae  and  groins,  forehead,  and  chest  were  particularly 
prominent  in  the  rhesus  monkeys,  but  were  not  seen  in  African  green 
monkeys  (Simpson,  1969).  The  appearance  of  the  skin  rashes  in  the 
rhesus  monkeys  was  consistent  with  the  rashes  described  in  several 
human  cases  (Martini  etal,  1968).  Subsequent  experimental  infection 
in  rhesus  monkeys  with  a  different  isolate  of  MBGV  produced  similar 
disease,  including  the  characteristic  petechial  rash  (Johnson  et  al, 
1996). 
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Lymphopenia,  thrombocytopenia,  blood  coagulation  abnormalities, 
and  increased  serum  aminotransferase  activity  have  been  described  in 
animals  experimentally  infected  with  MBGV  (Simpson  et  al.,  1968; 
Simpson,  1969;  Gonchar  et  al,  1991 ;  Spiridonov  et  al,  1992;  Johnson 
etal,  1996).  Histopathologic  observations  included  multifocal  necrosis 
of  liver  parenchyma  and  depletion  of  lymphoid  tissue  (Simpson  et 
a/., 1968;  Zlotnik,  1969;  Oehlert,  1971;  Murphy  etal,  1971;  Gonchar 
et  al,  1991)  (Figure  1).  Generalized  swelling  of  Kupffer  cells  and 
hypertrophy  of  reticuloendothelial  cells  in  lymphoid  tissues  were  noted 
(Oehlert  etal,  1971;  Murphy  etal,  1971).  Perivascular  hemorrhages 
in  different  regions  of  the  brain  were  described  in  several  studies 
(Zlotnik,  1969;  Gonchar  era/.,  1991).  MBGV  antigen-positive  lesions 
described  in  pancreatic  islets  of  a  human  case  of  MBGV  (Geisbert 
and  Jaax,  1998)  have  also  been  noted  in  rhesus  and  cynomolgus 
monkeys  (Figure  1).  More  recently,  bystander  lymphocyte  apoptosis 
was  proposed  to  be  the  mechanism  of  lymphoid  depletion  in  nonhuman 
primates  experimentally  infected  with  MBGV  (Geisbert  et  al,  2000) 
(Figure  1). 


3.  Ebola  Virus  Infection 

Several  nonhuman  primate  species  have  been  employed  to  model 
EBOV-Zaire  HF  including  African  green  monkeys  (Chlorocebus 
aethiops)  (Bowen  etal,  1978;  Fisher-Hoch  etal,  1992;  Davis  et  al, 
1997;  Ryabchikova  etal,  1999a,b),  cynomolgus  macaques  {Macaca 
fascicularis)  (Fisher-Hoch  etal,  1992;  Jahrling  et  al,  1996a;  Jahrling 
et  al,  1999;  Sullivan  et  al,  2000;  Geisbert  et  al,  2002),  rhesus 
macaques  (Bowen  et  al,  1978;  Fisher-Hoch  et  al,  1985;  Johnson  et 
al.,  1995;  P’yankov  et  al,  1995;  Jaax  et  al,  1996;  Geisbert  et  al, 
2002),  and  hamadryad  baboons  (Papio  hamadryas)  (Mikhailov  et  al, 
1994;  Borisevich  etal,  1995;  Chepumov  etal,  1995a;  Markin  et al, 
1997;  Kudoyarova-Zubavichene  et  al,  1999;  Ryabchikova  et  al, 
1999a,b).  Similar  pathologic  features  of  EBOV-Zaire  infection  have 
been  documented  among  these  species;  however,  a  few  pathologic 
features  differ.  Most  notably,  African  green  monkeys  do  not  present 
with  the  maculopapular  rash  that  is  characteristic  of  disease  in 
macaques  and  baboons  (Bowen  et  al,  1978;  Fisher-Hoch  et  al.',  1985, 
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Figure  1 .  A.  Submandibular  lymph  node;  cynomolgus  monkey.  Note  the  severe  follicular 
apoptosis  induced  by  MBGV  (Musoke).  HE.  Original  magnification  lOOX.  B.  Follicle 
center,  inguinal  lymph  node;  MBGV  (Musoke)-infected  cynomolgus  monkey.  Single-strand 
breaks  (blue/back)  demonstrated  by  deoxyuridine  triphosphate  nick-end  labeling  (TUNEL) 
showing  few  tingible  body  macrophages  and  abundant  free  nuclear  debris.  Original 
magnification  40X.  C.  Islet  of  Langerhans,  pancreas;  cynomolgus  monkey.  Immunopositive 
staining  of  the  islet  for  MBGV  (Ravn).  Immunoperoxidase  method.  Original  magnification 
lOOX.  D.  Inguinal  lymph  node;  MBGV  (Musoke)-infected  cynomolgus  monkey. 
Transmission  electron  micrograph  showing  typical  MBGV  inclusion  (*)  in  cytoplasm  of 
macrophage  apposed  to  apoptotic  bystander  lymphocyte  in  subcapsular  sinus.  Photos  A 
and  C  courtesy  of  Catherine  Wilhelmsen. 
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Fisher-Hoch  etaL,  1992;  Mikhailov  etaL,  1994;  Johnson  etal,  1995; 
P’yankov  et  al,  1995;  Jaax  et  al.,  1996;  Jahrling  et  al.,  1996a) 
(Figure  2);  importantly,  this  rash  is  also  a  prominent  feature  of  human 
disease  (Bowen  et  al.,  1978;  Davis  et  al,  1997). 

In  addition  to  lymphopenia,  thrombocytopenia,  and  increased  serum 
aminotransferase  activity,  neutrophilia  is  prominent  in  EBOV-Zaire 
infections  of  nonhuman  primates  (Fisher-Hoch  et  al.,  1985;  Jaax  et 
al.,  1996;  Rassadkin  e?  al.,  2000).  Lymphadenopathy  of  peripheral 
lymph  nodes  (Figure  2)  appears  relatively  early  in  the  disease  course 
(by  day  3  in  macaques).  An  enlarged  liver  with  rounded,  friable, 
capsular  borders  and  a'^reticulated  pattern  is  typically  seen  at  mid-  to 
late-stages  of  disease  in  macaques  (Figure  2);  histologically  there  is 
multifocal  hepatocellular  degeneration  and  necrosis  and  hepatocytes 
frequently  contain  large  (5  to  25  \iM),  pleomorphic,  acidophilic, 
intracytoplasmic  viral  inclusions  (Figure  3).  Other  mid-  to  late-stage 
findings  include  reddening  of  the  ileocecal  valve  caused  by  congestion 
in  the  gut-associated  lymphoid  tissue  (GALT)  (Figure  2),  congestion 
of  the  proximal  colon  GALT,  congestion  of  adrenal  glands,  urinary 
bladder  petechiae  (Figure  3),  a  sharply  demarcated  zone  of  congestion 
at  the  gastroduodenal  junction  (Figure  3),  and  bilateral  testicular 
petechiae  and  ecchymoses.  Lymphoid  depletion  and  impairment  of 
the  microcirculation  as  evidenced  by  formation  of  fibrin  thrombi  in 
visceral  organs  is  seen  to  various  degrees.  Species-specific  differences 
in  the  appearance  of  coagulopathies  have  been  reported:  fibrin 


Figure  2.  A.  Cynomolgus  monkey;  day  4.  Characteristic  petechial  rash  of  the  right 
arm  resulting  from  EBOV-Zaire  infection.  B,  Rhesus  monkey;  day  9.  Severe  petechial 
rash  and  ecchymosis  of  the  right  arm  resulting  from  EBOV-Zaire  infection. 
C.  Inguinal  region;  cynomolgus  monkey;  day  5.  Petechial  rash  resulting  from  EBOV- 
Zaire  infection.  D.  Inguinal  lymph  nodes;  cynomolgus  monkey;  day  4.  The  inguinal 
lymph  nodes  are  mildly  enlarged  and  markedly  congested/hemorrhagic  due  to  EBOV- 
Zaire  infection.  E.  Liver  and  heart;  EBOV-Zaire-infected  cynomolgus  monkey,  day 
6.  Note  the  accentuated  lobular  pattern  of  the  liver.  The  arrow  depicts  epicardial 
hemorrhages  that  are  occasionally  seen  filovirus-infected  monkeys;  these 
hemorrhages  are  also  infrequently  observed  as  a  postmortem  change  in  uninfected 
animals.  F.  Ileocecal  junction  and  cecum;  EBOV-Zaire-infected  cynomolgus  monkey; 
day  5.  The  cecum  is  opened  up  and  the  ileum  extends  outward  from  the  cecum. 
Note  the  congested  and  thickened  appearance  of  the  cecum. 
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deposition  is  seen  in  vessels  of  African  green  monkeys  while 
hemorrhages  are  seen  in  baboons  (Ryabchikova  et  aL,  1999a).  We 
have  not  seen  species-specific  differences  in  coagulopathy  among 
cynomolgus  and  rhesus  macaques  experimentally  infected  with  EBOV- 
Zaire  (T.W.  Geisbert,  unpublished). 

Few  studies  have  evaluated  the  pathogenesis  of  EBOV-Sudan  in 
nonhuman  primates  (Ellis  et  aL,  1978;  Bowen  et  a!.,  1980;  Fisher- 
Hoch  et  aL,  1992).  The  disease  course  in  experimentally-infected 
rhesus  and  cynomolgus  macaques  appears  much  slower  than  that  seen 
in EBOV-Zaire  infections  (Ellis  etal,  1978;  Fisher-Hoch  etaL,  1992) 
and  rates  of  survival  appear  consistent  with  human  disease.  EBOV- 
Sudan  infection  was  not  lethal  in  a  small  cohort  of  African  green 
monkeys  nor  was  EBOV-Reston  (Fisher-Hoch  et  aL,  1992).  Similar 
to  EBOV-Sudan,  and  unlike  EBOV-Zaire,  the  disease  course  in  EBOV- 
Reston-infected  cynomolgus  monkeys  is  protracted  (Jahrling  et  aL, 


Figure  3.  A.  Urinary  bladder;  EBOV-Zaire-infected  cynomolgus  monkey;  day  5. 
The  mucosa  has  multifocal  to  coalescing  hemorrhages.  B.  Urinary  bladder;  EBOV- 
Zaire-infected  cynomolgus  monkey  day  5,  Note  the  hemorrhage  within  the 
submucosa.  HE.  Original  magnification  20X.  C.  Stomach  and  duodenum;  EBOV- 
Zaire-infected  cynomolgus  monkey;  day  5.  The  arrow  indicates  the  gastroduodenal 
junction  demarcating  the  stomach  to  the  left  and  the  duodenum  to  the  right.  The 
duodenum  is  markedly  congested.  Note:  this  lesion  is  not  pathognomonic  for  filoviral 
infections  and  is  seen  in  other  microbial  diseases.  D.  Duodenum;  EBOV-Zaire- 
infected  cynomolgus  monkey;  day  6.  The  arrows  demonstrate  the  marked  fibrin 
thrombi  present  in  the  vessels  near  the  Brunner’s  glands  of  the  duodenum. 
HE.  Original  magnification  40X.  E.  Liver;  EBOV-Zaire-infected  cynomolgus 
monkey;  day  5.  Note  the  loss  of  normal  hepatic  architecture,  necrosis,  and  neutrophils 
within  the  section.  The  arrow  points  to  viral  inclusions  that  are  occasionally  present 
within  hepatocytes.  HE.  Original  magnification  60X.  F.  Mesenteric  lymph  node; 
EBOV-Reston-infected  cynomolgus  monkey.  Tingible  body  macrophages  in  section 
double-labeled  for  CD3  (as  a  pan  T-cell  marker)  and  apoptosis.  Single-strand  breaks 
are  red/orange,  CD3  appears  green,  and  areas  positive  for  both  apoptosis  and  CD3 
are  stained  gold.  Original  magnification  40X.  G.  Spleen;  EBOV-Zaire-infected  rhesus 
monkey,  day  7.  Scanning  electron  micrograph  illustrates  the  large  number  of  Ebola 
virions  (arrowheads)  produced  by  a  single  infected  macrophage.  Virions  are 
uniformly  80  nm  in  diameter.  H.  Peripheral  blood.  EBOV-Zaire-infected  cynomolgus 
monkey,  day  6.  Transmission  electron  micrograph  of  circulating  monocyte/ 
macrophage  with  characteristic  EBOV  inclusion  material  (*)  in  cytoplasm  and  area 
of  virus-induced  proliferated  membrane  (arrow). 
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1996b).  As  with  MBGV,  bystander  lymphocyte  apoptosis  is  proposed 
to  be  the  mechanism  of  lymphoid  depletion  in  nonhuman  primates 
experimentally  infected  with  EBOV-Reston  as  well  as  EBOV-Zaire 
(Geisbert  et  al.,  2000)  (Figure  3).  Little  is  known  about  the  pathogenesis 
of  EBOV-Ivory  Coast  in  nonhuman  primates,  apart  from  its  high 
lethality  in  chimpanzees  (Pan  troglodytes  verus)  (Formenty  et  al, 
1999;  Wyers  et  al.,  1999).  The  single  chimpanzee  examined  had 
multifocal  necrosis  in  the  liver,  diffuse  fibrinoid  necrosis  in  splenic 
red  pulp,  and  increased  numbers  of  immunopositive  macrophages 
(Wyers  et  al.,  1999). 


4.  Modeling  of  Filoviral  HF  in  Nonhuman 
Primates 

The  selection  of  an  appropriate  challenge  model  requires  careful 
consideration  of  primate  species,  sex,  age,  route  of  infection,  dose 
administered,  and  the  nature  of  the  challenge  virus  itself.  It  is  very 
difficult  to  compare  results  among  the  various  published  studies  of 
filoviral  HF  in  nonhuman  primates  because  of  differences  among  these 
factors.  For  example,  some  studies  used  organ  homogenates  to 
challenge  naive  animals  (Bowen  et  al.,  1978;  Ellis  et  al.,  1978;  Bowen 
et  al,  1980;  Fisher-Hoch  et  al.,  1983;  Fisher-Hoch  et  al.,  1985; 
Mikhailov  et  al,  1994;  P’yankov  et  al,  1995;  Ryabchikova  et  al., 
1999a,b),  while  other  studies  employed  fluids  collected  from  filovirus- 
infected  cell  cultures  (Fisher-Hoch  et  al,  1992;  Johnson  et  al,  1995; 
Jahrling  etal,  1996a, b;  Jaax  et  al,  1996;  Davis  et  al,  1997;  Jahrling 
etal,  1999;  Sullivan  etal,  2000;  Geisbert  etal,  2002).  Some  challenge 
viruses  used  were  passed  multiple  times  in  animals  and/or  cell  cultures 
while  other  challenge  viruses  are  low  passage  and  closer  to  the  original 
isolate.  To  more  fully  characterize  the  isolates  employed  for  our 
nonhuman  primate  studies,  we  recently  certified  that  our  viral  stocks 
were  not  contaminated  with  endotoxins  (Hensley  et  al,  2002). 
Previously,  filoviral  isolates  used  in  animal  studies  were  not  screened 
for  endotoxins,  a  confounding  variable  if  present  at  biologically 
relevant  levels.  We  did  detect  elevated  levels  of  endotoxins  in  several 
historical  isolates,  and  in  organ  homogenates. 
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As  noted  above,  species-specific  differences  have  been  shown  in  some 
studies  of  filoviral  HF,  the  most  consistent  observation  being  the 
absence  of  a  maculopapular  rash  in  filovirus-infected  African  green 
monkeys.  Clearly,  there  can  be  important  genetic  differences  even 
among  animals  of  the  same  species  and  consideration  should  be  given 
to  the  origin  of  a  particular  species  when  comparing  studies.  In  fact, 
major  allelic  differences  were  observed  between  rhesus  macaques  of 
Indian  and  Chinese  origin  (Viray  et  aL,  2001).  Furthermore,  specific 
MHC  haplotypes  shown  to  influence  disease  progression  were  reported 
in  rhesus  macaque  models  of  AIDS  (Sauermann,  2001;  Muhl  et  ai, 
2002).  The  pathology  associated  with  cynomolgus  macaques  reported 
in  Russian  studies  of  EBOV-Zaire  HF  (Ryabchikova  et  aL,  1999b) 
appears  different  from  that  reported  in  our  cynomolgus  macaque  model 
(Geisbert  et  aL,  2002).  Of  course,  varying  isolates,  doses,  and  routes 
of  infection  also  may  influence  the  results. 

The  wide  range  of  challenge  doses  used  in  nonhuman  primate  studies 
has  been  a  particularly  controversial  topic.  The  goal  of  any  nonhuman 
primate  model  is  to  accurately  reproduce  human  disease;  however, 
little  is  known  regarding  what  constitutes  a  typical  dose  and  route  of 
exposure  in  human  filoviral  infections.  Most  cases  that  propagate 
outbreaks  are  thought  to  occur  by  direct  contact  with  infected  patients 
and/or  cadavers  (WHO,  1978a,b;  Dowell  et  aL,  1999;  Khan  et  aL, 
1999).  Infectious  filoviruses  and/or  RNA  have  been  isolated  from 
semen  and  genital  secretions  (Martini,  1971;  Rodriguez  et  aL,  1999; 
Rowe  et  aL,  1999)  and  detected  in  skin  (Zaki  et  aL,  1999)  in  human 
cases;  and  have  also  been  experimentally  demonstrated  in  body  fluids 
and  nasal  secretions  of  nonhuman  primates  (Jahrling  et  aL,  1996b). 
Moreover,  rhesus  macaques  were  lethally  infected  with  EBOV-Zaire 
by  conjunctival  exposure  (Jaax  et  aL,  1996).  Laboratory  exposure 
through  needlestick  and  filovirus-infected  blood  has  been  reported 
(Breman  et  aL,  1978);  these  exposures  would  likely  entail  doses  of  at 
least  1000  PFU  if  viremias  associated  with  terminal  patients  are 
comparable  to  viremias  in  EBOV-Zaire-infected  nonhuman  primates, 
which  often  reach  levels  as  high  as  10^  PFU/ml  (Jahrling  et  aL,  1999). 
Human  viremia  data  have  been  notoriously  difficult  to  generate 
(Ksizaek  et  aL,  1999),  yet  the  fact  that  circulating  filo virions  are  readily 
detected  by  direct  electron  microscopic  examination  of  postmortem 
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tissues  (Dietrich  etaL,  1978;  Ellis  etaL,  1978;  Murphy  1978;  Geisbert 
and  Jaax,  1998;  Zaki  and  Goldsmith,  1999)  suggest  comparable  levels 
considering  the  threshold  for  ultrastructural  detection.  Butchering  of 
a  chimpanzee  for  consumption  was  linked  to  an  outbreak  of  EBOV- 
Zaire  in  Gabon  (Georges-Courbot  etaL,  1997).  Contact  exposure  was 
the  likely  route  of  transmission  in  this  episode,  but  ingestion  of 
filovirus-contaminated  foods  cannot  be  ruled  out  as  a  potential  route 
of  exposure  in  natural  infections.  Organ  infectivity  titers  in  filovirus- 
infected  nonhuman  primates  are  frequently  in  the  10^  to  10^  PFU/gram 
range  (Jahrling  et  al,  1999);  thus,  it  is  likely  that  exposure  through 
the  oral  route  would  invariably  be  associated  with  very  high  infectious 
doses.  In  fact,  EBOV-Zaire  is  highly  lethal  when  orally  administered 
to  rhesus  macaques  (Jaax  et  al.,  1996). 

The  role  of  aerogenic  transmission  in  outbreaks  is  unknown,  but  is 
thought  to  be  uncommon  (Peters  and  LeDuc,  1999).  Aerosol 
transmission  in  nonhuman  primates  was  implicated  in  the  1989-1990 
epizootic  of  EBOV-Reston  (Jahrling  et  al.,  1996);  high  concentrations 
of  virus  in  nasal  secretions  and  ultrastructural  visualization  of  abundant 
viral  particles  in  alveoli  were  reported  (Jahrling  et  al.,  1996). 
Filoviruses  are  moderately  stable  in  aerosol  (Bazhutin  et  al.,  1992; 
Chepurnov  et  al.,  1995b),  and  intercage  transmission,  suggesting 
mediation  by  small-particle  aerosols,  was  documented  for  EBOV-Zaire 
(Jaax  etal.,  1995)  and  MBGV  (Pokhodyaev  et  al,  1991).  Moreover, 
EBOV-Zaire  is  highly  infectious  by  aerosol  exposure  in  rhesus 
macaques  (Johnson  et  al.,  1995;  P’yankov  et  al,  1995)  as  is  MBGV 
in  rhesus  (Lub  et  al.,  1995)  and  African  green  monkeys  (Bazhutin  et 
al,  1992). 

Consideration  of  challenge  dose  demands  some  explanation  of 
infectious  units,  a  subject  of  debate  when  comparing  various  studies. 
For  mouse-adapted  EBOV  the  murine  median  lethal  dose  (LD50)  was 
reported  to  be  within  the  range  of  0.025-.04  Vero  PFU  {i.e.,  the  dose 
of  1  Vero  PFU  was  equivalent  to  --  30  mouse  LD50)  (Bray  et  al,  1998). 
Direct  counting  of  virions  mixed  with  a  known  concentration  of 
microspheres  revealed  that  1  PFU  was  equivalent  to  25-30  virions 
(Bray  et  al,  1998).  Therefore,  1  LD50  equaled  roughly  1  virion  in  this 
system.  Titration  of  the  1995  isolate  of  EBOV-Zaire,  used  in  nonhuman 
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primate  studies,  by  electron  microscopy  gave  a  similar  ratio  of  virions 
to  PFU  (Bray  et  al,  1998).  While  a  systematic  titration  has  not  been 
performed,  the  LD50  of  this  isolate  in  cynomolgus  monkeys  is  less 
than  10  Vero  PFU  (T.W.  Geisbert,  unpublished). 

The  dose  of  challenge  virus  clearly  affects  the  disease  course  as  has 
been  suggested  in  data  collected  during  outbreaks.  In  the  1976  EBOV- 
Zaire  outbreak  in  Yambuku,  the  incubation  period  reported  for  person- 
to-person  transmission  exceeded  the  incubation  period  for  injections 
or  needlestick  accidents  (Breman  et  aL,  1978),  which  would 
presumably  be  associated  with  higher  exposure  levels.  We  observed 
similar  dosing  results  in  our  nonhuman  primate  models.  For  example, 
exposure  of  cynomolgus  monkeys  (n  =  15)  to  1000  PFU  of  EBOV- 
Zaire  by  intramuscular  injection  produces  a  100  percent  lethal  infection 
with  deaths  occurring  6-7  days  postinfection  (Geisbert  et  aL,  2002). 
When  the  challenge  dose  was  lowered  to  10  PFU  (n  =  4),  uniform 
lethality  was  still  achieved,  but  deaths  occurred  9-12  days  postinfection 
(T.W.  Geisbert,  unpublished).  Others  have  also  noted  a  protracted 
disease  course  concomitant  with  serial  dilution  of  EBOV-Zaire 
(Rassadkin  et  al,  2000),  and  of  MBGV  (Gonchar  et  aL,  1991).  It  is 
not  surprising  that  developing  viremia  levels  appear  to  be  affected  by 
challenge  dose.  Viremia  has  been  reported  as  early  as  24  hours  after 
subcutaneous  infection  of  rhesus  macaques  with  a  high  infectious  dose 
(10^  PFU)  of  EBOV-Zaire  (Fisher-Hoch  et  aL,  1985).  In  rhesus  and 
cynomolgus  macaques  infected  with  1000  PFU  of  EBOV-Zaire, 
viremia  is  first  detected  3  days  after  infection  (Geisbert  et  aL,  2002), 
while  viremia  occurred  4-5  days  after  infection  in  baboons  exposed  to 
20-50  newborn  mouse  LD50  of  EBOV-Zaire  (Ryabchikova  et  aL, 
1999a). 

5.  Recent  Progress  in  Understanding 
Pathogenetic  Mechanisms  of  Fiioviruses 

During  the  last  decade,  nonhuman  primate  models  of  filoviral  HF  have 
proved  valuable  in  providing  new  information  regarding  filoviral 
pathogenesis.  For  example,  the  importance  of  monocytes/macrophages 
as  primary  cellular  targets  was  shown  in  a  number  of  studies  (Geisbert 
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et  a/.,  1992;  Jaax  et  a/.,  1996;  Davis  et  al.,  1997;  Ryabchikova  et  aL, 
1999a)  (Figure  3).  However,  with  few  exceptions,  previous 
investigations  examined  monkeys  killed  when  moribund  and  shed  little 
light  on  the  pathogenesis  of  EBOV  infection  during  the  period  before 
death.  The  determinants  of  filoviral  pathogenecity  could  be  better 
understood  if  the  early  events  of  viral  infection  in  vivo  were  known. 
To  address  these  shortcomings,  we  recently  performed  longitudinal 
studies  in  EBOV-Zaire-infected  cynomolgus  and  rhesus  macaques  to 
characterize  the  early  stages  of  EBOV  HF  (Geisbert  et  al.,  2003). 
Understanding  the  kinetics  of  host-pathogen  relationships  and 
identifying  critical  pathogenetic  processes  aid  the  rational  development 
of  vaccines  and  antiviral  therapeutics. 

We  focused  much  of  our  recent  work  on  cynomolgus  macaques,  the 
species  most  frequently  used  for  filoviral  vaccine  studies  (Sullivan  et 
ai,  2000,  Geisbert  et  aL,  2002).  Our  cynomolgus  monkey  model  uses 
a  challenge  dose  and  route  that  reflects  a  likely  laboratory  exposure 


Figure  4.  A.  Lymph  node;  EBOV-Zaire-infected  cynomolgus  monkey;  day  4. 
Immunopositive  (red)  dendritiform  cells  surrounding  a  high  endothelial  venule; 
brown-pigmented  cells  are  hemosiderin-ladened  macrophages.  Alkaline  phosphatase 
method.  Original  magnification  40X.  B.  Liver;  EBOV-Zaire-infected  cynomolgus 
monkey;  day  3,  The  cells  with  black  reaction  product  are  apoptotic  mononuclear 
cells  within  the  lumen  of  a  central  vein  and  to  the  periphery  of  the  vein.  Inset:  The 
arrow  points  to  an  unaffected  neutrophil  and  the  arrowhead  demonstrates  the 
apoptotic  lymphocyte.  TUNEL  method.  Original  magnification  20X.  C.  Lymph  node; 
EBOV-Zaire-infected  cynomolgus  monkey;  day  3.  Immunopositive  mononuclear 
cells  (red)  in  the  medullary  sinus  of  the  lymph  node.  The  brown-pigmented  cells  are 
hemosiderin-ladened  macrophages.  Alkaline  phosphatase  method.  Original 
magnification  20X.  D.  Venule,  brachial  plexus;  EBOV-Zaire-infected  cynomolgus 
monkey;  day  5.  Rare  immunopositive  endothelial  cell  (arrow)  and  typical 
immunopositive  monocyte  (within  the  lumen).  Alkaline  phosphatase  method. 
Original  magnification  40X.  E.  Lymph  node;  EBOV-Zaire-infected  cynomolgus 
monkey;  day  5.  Immunopositive  mononuclear  cells  (red)  and  extracellular  EBOV 
antigen  in  extravascular  area.  Note  absence  of  EBOV-positive  endothelial  cells; 
vessel  indicated  by  arrowheads.  DAPI  counterstain.  Original  magnification  40X. 
F.  Lymph  node;  EBOV-Zaire-infected  cynomolgus  monkey;  day  5.  Section  double- 
labeled  for  Von  Willebrand’s  factor  (green),  as  a  marker  for  endothelial  cells,  and 
EBOV  antigens  (red).  Note  that  endothelium  appears  intact  and  there  is  no  evidence 
of  EBOV-positive  endothelial  cells;  EBOV  antigens  are  localized  to  extravascular 
foci  or  fibrinocellular  thrombi  in  vessels.  Original  magnification  40X. 
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and  has  been  uniformly  lethal  with  animals  dying  6-7  days  after 
exposure  (Geisbert  et  al,  2002).  We  also  directed  some  recent  efforts 
to  rhesus  macaques  as  they  are  widely  used  in  other  fields.  Most 
notably,  rhesus  monkeys  are  almost  exclusively  used  by  pharmaceutical 
companies  for  generating  pharmacokinetic  data.  Availability  of  these 
data  facilitates  testing  of  compounds  with  potential  anti-filoviral 
activity.  Rhesus  macaques  may  have  additional  utility  in 
immunological  studies  as  they  can  be  typed  across  at  least  21  MHC 
class  I  alleles  (Muhl  et  al,  2002);  eight  of  these  can  be  determined  via 
commercial  testing  (Wisconsin  Regional  Primate  Center,  Madison, 
WI). 

Our  most  recent  longitudinal  studies  demonstrate,  for  the  first  time, 
that  dendritic  cells  are  early  and  sustained  cellular  targets  of  EBOV  in 
macaques  (Figure  4);  that  lymphocyte  apoptosis  is  a  relatively  early 
event  in  disease  progression  (Figure  4);  and  furthermore,  it  is  the  NK 
cell  fraction  that  is  likely  lost  by  increased  apoptosis  early  in  the  course 
of  infection.  We  also  observed  early  and  sustained  infection  of 
monocytes  and  macrophages  (Figure  4),  with  EBOV  RNA  initially 
detected  at  day  2  postinfection.  As  monocytes  and  macrophages  are 
usually  the  cells  that  elicit  the  response  cascade  in  the  acute  phase  of 
inflammation  (Baumann  and  Gauldie,  1994),  their  early  infection 
represents  an  effective  strategy  for  evasion  of  the  host  defense  system 
as  well  as  facilitating  dissemination  of  the  virus. 

Whether  infection  of  endothelial  cells  is  central  to  the  pathogenesis  of 
EBOV  hemorrhagic  fever  (HF)  remains  unknown.  Several  recent 
studies  suggested  that  the  EBOV  glycoprotein  is  the  main  determinant 
of  vascular  cell  injury  and  therefore  it  is  direct  infection  of  endothelial 
cells  that  causes  the  hemorrhagic  diathesis  (Yang  et  al,  1998;  Yang  et 
al,  2000).  This  hypothesis  has  not  been  rigorously  tested  in  vitro  or  in 
vivo.  Viral  infections  can  exert  changes  in  the  vascular  endothelium 
in  a  variety  of  ways,  such  as  inducing  endothelial  cell  activation 
indirectly  by  infecting  and  activating  leukocytes  and  triggering  the 
synthesis  and  local  production  of  proinflammatory  soluble  factors  or 
by  directly  inducing  changes  in  endothelial  cell  expression  of 
cytokines,  chemokines,  and  cellular  adhesion  molecules  in  the  absence 
of  immune  mediators  (as  a  direct  result  of  viral  infection).  Mediators 
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Figure  5.  Development  of  coagulation  abnormalities  during  EBOV  infection  of  cynomolgus 
monkeys  at  days  1  through  6  postinfection.  A.  plasma  levels  of  D-dimers  measured  by 
ELISA.  B.  plasma  levels  of  tPA  determined  by  ELISA.  C.  plasma  levels  of  activated  protein 
C  measured  by  a  chromatic  hydrolysis  assay.  D.  Platelet  levels. 


released  from  activated  endothelial  cells  that  can  modulate  vascular 
tone,  thrombosis,  and/or  inflammation  include  nitric  oxide, 
prostacyclin,  interferons,  interleukin  1  (IL-1),  IL-6,  and  chemokines 
such  as  IL-8  (Mantovani  etal,  1992;  Laroux  etal,  2000).  Few  studies 
have  evaluated  the  host  gene  response  of  endothelial  cells  infected 
with  EBOV;  work  is  restricted  to  a  single  report  of  EBOV  inhibiting 
induction  of  genes  by  double- stranded  RNA  (Harcourt  et  aL,  1998). 
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Previous  studies  showed  EBOV  infection  of  endothelial  cells  in 
postmortem  tissues  from  humans  and  nonhuman  primates  (Baskerville 
etaL,  1985;  Geisbert  a/.,  1992;  Jaax  etaL,  1996;  Davis  etaL,  1997; 
Zaki  and  Goldsmith,  1999).  In  our  most  current  study,  endothelial 
cells  did  not  appear  to  be  a  primary  early  target  of  EBOV  (Geisbert  et 
aL,  submitted).  Replication  of  EBOV  in  endothelial  cells  was  not 
consistently  observed  until  day  5  postinfection  (Figure  4)  and,  in  fact, 
was  an  infrequent  observation  in  most  tissues  at  this  late  stage  of 
disease.  Of  note,  detection  of  EBOV  in  endothelial  cells  occurred  a 
full  day  after  the  onset  of  indicators  consistent  with  DIG,  e.g.,  elevated 
levels  of  D-dimers  (Figure  5).  Electron  microscopy  confirmed  that 
endothelium  remained  relatively  intact  even  during  terminal  stages  of 
disease. 

Development  of  DIG  is  a  characteristic  clinical  manifestation  of  EBOV 
infection  in  primates,  however  the  mechanism(s)  for  triggering  the 
coagulation  abnormalities  remains  unknown.  Recent  studies  in  our 
laboratory  provided  the  first  insight  into  the  pathogenesis  of 
coagulation  system  dysregulation,  and  suggest  that  development  of 
coagulation  abnormalities  may  occur  much  earlier  than  previously 
thought.  Although  it  is  likely  that  the  coagulopathy  seen  in  filoviral 
HF  is  caused  by  multiple  factors,  particularly  during  the  latter  stages 
of  disease,  these  new  findings  strongly  implicate  tissue  factor  (TF) 
expression/release  from  EBOV-infected  monocytes/macrophages,  and 
dysregulation  of  the  protein  G  system,  as  key  factors  that  induce  the 
development  of  coagulation  irregularities  seen  in  EBOV  infections 
(Geisbert  et  al.,  2003).  Moreover,  plasma  from  EBOV-infected 
monkeys  at  early-  to  mid-stages  of  disease  contained  increased 
numbers  of  TF-expressing  membrane  microparticles  (Geisbert  et  al., 
2003).  The  procoagulant  potential  of  membrane  microparticles  is 
supported  by  data  from  clinical  studies  showing  elevated  levels  of 
circulating  membrane  microparticles  in  patients  with  an  increased  risk 
for  thromboembolic  events  (e.g.,  DIG)  (Nieuwland  et  al.,  2000; 
Sabatier  et  al.,  2002). 

Levels  of  TF  expression  may  also  be  affected  by  the  production  of 
various  cytokines  and  chemokines.  Proinflammatory  cytokines  such 
as  IL-6  effectively  upregulate  TF  expression  on  monocytes  (Neumann 
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et  a/,,  1997;  Grignani  and  Maiolo,  2000).  Elevated  levels  of  IL-6  have 
been  reported  by  day  4  postinfection  in  EBOV-infected  monkeys 
(Hensley  et  aL,  2002),  Splenocyte  stimulation  with  TF  also  induces 
the  selective  release  of  the  monocyte  chemoattractant  molecule 
MIP-la  in  vitro  (Bokarewa  etai,  2002).  Increased  levels  of  MIP-la 
were  previously  reported  in  EBOV-infected  monkeys  and  cultures  of 
infected  monocytes/macrophages  (Hensley  et  aL,  2002).  Taken 
together,  these  findings  suggest  that  TF  expression  can  be  amplified 
during  the  later  stages  of  diseases  when  EBOV-infected  cells,  which 
selectively  express  TF,  release  chemokines.  Chemokine  release  may 
either  directly  upregulate  levels  of  TF  or  attract  additional  preferred 
target  cells  to  foci  of  infection,  thereby  exacerbating  activation  of  the 
extrinsic  coagulation  pathway.  TF  expression  may  also  be  amplified 
in  the  latter  stages  of  disease  as  a  result  of  tissue  damage  caused  by 
the  formation  of  microthrombi.  Specifically,  development  of  these 
microthrombi  during  disease,  as  a  result  of  TF  overexpression,  can 
produce  tissue  damage,  as  evidenced  by  the  strong  increase  in  plasma 
levels  of  tissue-type  plasminogen  activator  noted  in  EBOV-infected 
monkeys  (Geisbert  et  aL,  2003);  these  areas  of  tissue  damage  may 
then  augment  the  effect  by  inducing  local  upregulation  of  TF. 


6.  Final  Remarks 

The  results  of  recent  work,  and  insight  gained  from  historical  studies, 
demonstrate  that  the  nonhuman  primate  system  is  an  extremely  relevant 
model  for  studying  filoviral  pathogenesis.  Despite  the  lack  of  inbred 
or  pedigreed  strains,  and  practical  and  ethical  considerations  that  limit 
sizes  of  experiments,  nonhuman  primates  remain  the  most  useful  and 
valid  model  of  filoviral  HF.  Rodent  models  have  been  developed,  and 
clearly  have  utility,  but  require  serial  adaptation  of  the  virus  to  produce 
lethal  disease  (Bray  et  aL,  1998;  Connolly  et  aL,  1999),  Furthermore, 
because  of  differences  in  the  disease  pathology  (Geisbert  et  aL,  2002) 
there  are  numerous  scientific  questions  that  cannot  be  satisfactorily 
addressed  by  an  evaluation  only  in  rodents.  Nonhuman  primates  are 
phylogenetically  closely  related  to  humans  and  most  genes,  serum 
proteins,  and  other  factors  that  require  analysis,  are  biochemically  and 
antigenically  similar  to  those  of  humans.  Several  species  of  nonhuman 
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primates  have  been  used  to  model  filoviral  HF,  and  which  species 
most  accurately  reproduces  human  disease  is  debatable.  Nonetheless, 
the  cynomolgus  and  rhesus  macaques  appear  to  be  excellent  animal 
models  for  human  filoviral  HF. 

Undoubtedly,  the  primary  cellular  targets  for  filoviruses  in  primates 
are  cells  of  the  mononuclear  phagocyte  system  (Geisbert  et  al.,  1992; 
Feldmann  etal,  1996).  Neither  lymphocyte  depletion  nor  lymphopenia 
is  caused  by  filoviral  infection  of  lymphocytes  (Geisbert  et  aL,  1992; 
Geisbert  et  ah,  2000)  and  fibrin  thrombi/hemorrhages  associated  with 
filoviruses  do  not  appear  to  be  the  result  of  direct  infection-induced 
cytolysis  of  endothelial  cells  (Geisbert  et  al,  2003).  In  summary,  the 
paradigm  (Figure  6)  that  we  propose  for  filoviral  pathogenesis  in 
nonhuman  primates,  based  on  results  of  the  most  recent  EBOV-Zaire 
studies,  is  as  follows:  EBOV  spreads  from  the  initial  infection  site  via 
monocytes/macrophages  and  dendritic  cells  to  regional  lymph  nodes, 
likely  via  lymphatics,  and  to  the  liver  and  spleen  via  blood.  At  these 
sites,  EBOV  infects  tissue  macrophages  (including  Kupffer  cells), 
dendritic  cells  and  fibroblastic  reticular  cells.  EBOV  activates  killer 
antigen-presenting  cells  {e.g.,  dendritic  cells)  early  in  the  course  of 
infection  by  upregulating  expression  of  tumor  necrosis  factor 
apoptosis-inducing  ligand  (TRAIL).  Such  overexpression  of  TRAIL, 
which  is  sustained  over  the  course  of  disease  by  overexpression  of 
IFN-a,  participates  in  T  lymphocyte  deletion  via  bystander  apoptosis, 
lymphopenia,  and  establishment  of  virus-induced  immunosuppression. 
Concomitantly,  EBOV-infected  monocytes/macrophages  release 
various  soluble  factors  including  proinflammatory  cytokines  such  as 
MIP-la  and  MCP-1  that  recruit  additional  macrophages  to  areas  of 
infection  making  more  target  cells  available  for  viral  exploitation,  and 
further  amplifying  an  already  dysregulated  host  response.  As  disease 


Figure  6,  Paradigm  showing  key  cellular  events  in  EBOV  pathogenesis  in  nonhuman 
primates,  EBOV  infection  of  monocytes/macrophages  appears  to  be  central  to  much 
of  the  observed  pathology.  EBOV  infection  induces  monocytes/macrophages  to 
release  a  variety  of  soluble  factors  that  likely  trigger  a  host  of  downstream  events 
including  bystander  apoptosis  of  lymphocytes,  activation  of  the  coagulation  cascade, 
and  disruption  of  the  vascular  endothelium.  The  end  result  is  loss  of  homeostasis 
and  dysregulation  of  the  host  immune  response. 
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progresses,  increased  levels  of  oxygen  free  radicals  {e.g.,  nitric  oxide), 
released  by  EBO V-infected  macrophages  at  inflammatory  sites,  trigger 
apoptosis  of  bystander  NK  cells,  thwarting  the  innate  immune  response 
and  leaving  the  host  little  time  to  mount  an  adaptive  response.  Left 
unchecked,  extensive  viral  replication  leads  to  increased  levels  of 
additional  proinflammatory  cytokines,  notably  IL-6,  which  triggers 
the  coagulation  cascade  likely  through  upregulation  of  tissue  factor 
on  monocytes/macrophages.  Activation  of  the  coagulation  cascade, 
in  turn,  activates  the  fibrinogenic  and  fibrinolytic  pathways  leading  to 
Die.  Inhibitors  of  the  clotting  system,  particularly  protein  C,  are 
consumed  at  a  rate  that  exceeds  synthesis  by  liver  parenchymal  cells, 
many  of  which  by  this  point  may  have  been  rendered  dysfunctional 
by  the  viral  assault.  Impairment  of  the  coagulation  system  results  in 
rapid  progression  of  DIG,  hemorrhagic  shock,  multiple  organ  failure, 
and  finally  death  of  the  host. 

This  sequence  of  morphologic,  cytologic,  virologic,  serologic,  and 
inflammatory  change  following  filoviral  infection  creates  a  useful 
model  in  the  study  of  experimentally  induced  filoviral  HF  and  the 
sequence  of  pathogenetic  events  identified  should  provide  new  targets 
for  rational  prophylactic  and  chemotherapeutic  interventions.  Because 
of  massive  synergism  and  redundancy  in  the  pathways  of  inflammation 
associated  with  hemorrhagic  shock,  it  is  likely  that  combined  or 
appropriate  sequential  targeting  of  the  above-listed  pathways  will  be 
more  effective  than  targeting  a  single  pathway. 
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